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 Test results from a rocket turbine test model, called the Oxidizer Technology 
Turbine Rig (OTTR), are discussed in this thesis.  The turbine was designed to support 
the development of advanced turbines for future liquid rocket engines.  It is a highly-
loaded, single-stage, liquid-oxygen, pump-drive turbine that uses inlet and exit volutes to 
provide optimum performance in a compact configuration.  The whole system includes 
an inlet volute, a turbine, two exit volutes (circular and square), and a diffuser for each 
exit volute.  Performance evaluation is based on the aerodynamic design point (ADP) and 
off-design points for both the circular exit volute test and the square exit volute test.  This 
thesis focuses on the discussion of both the aerodynamic design point and off-design 
points for the inlet volute, exit volute, and diffuser for both the circular exit volute and 
the square exit volute tests.  The performance results include pressure measurements for 
the volute/diffuser analyses (total pressure and static pressure), system pressure ratios, 
and system efficiency calculations.  Uncertainty estimates for the measured variables and 
calculated results are also included.  The objective of this work is to evaluate the OTTR 
 
 
test model, particularly the inlet volute, exit volute, and diffuser performance as well as 
the system performance for both tests.  These results can be combined with the turbine 
data previously analyzed to create a comprehensive data set for Computational Fluid 
Dynamics (CFD) code validation.  This data set can then be used to improve design and 
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Component testing of turbines is needed to characterize the aerodynamic 
performance of the machine.  This type of testing is useful for new turbine designs 
attempting to incorporate advanced technologies as well as for existing engine turbine 
designs.  The test results are used to improve the turbine design and validate various 
computer codes used for design and performance prediction. 
Test requirements for a rocket turbine test model, called the Oxidizer Technology 
Turbine Rig (OTTR), led to this research work.  The turbine was designed to support the 
development of advanced turbines for future liquid rocket engines.  It is a highly-loaded, 
single-stage, liquid-oxygen, pump-drive turbine that uses inlet and exit volutes to provide 
optimum performance in a compact configuration.  Experimental data from two cold 
airflow turbine tests were evaluated.  The first turbine test setup was a technology turbine 
with an inlet volute, a square exit volute, and a diffuser.  The second test setup was the 
same technology turbine with the same inlet volute but with a circular exit volute and 
diffuser.  These two different exit volutes created different and relatively high gradient 
flow fields at the exit of the turbine.  The objective of the research was to evaluate the 
aerodynamic performance of the inlet volute, exit volute (square and circular), and 




combined with previous research work on the turbine to produce a comprehensive code 
validation data set.  This data set then can be used to improve design and performance 
prediction for similar systems. 
 
1.2 System Efficiency 
The system efficiency refers to the flange-to-flange efficiency, which includes the 
inlet volute, the turbine, the exit volute and the diffuser. 
 For airflow turbine testing in the Marshall Space Flight Center’s cold air flow 
Turbine Test Equipment (TTE), two different equations may be used to calculate 
efficiency from measured test variables (1.1 and 1.2), the thermodynamic method and the 
mechanical method [1,2,3].  Both equations are derived from the basic definition of 
turbine efficiency: actual enthalpy change over ideal or isentropic enthalpy change.  Both 
methods are used for “cold” air flow turbine testing where the temperature is relatively 
low so that an ideal gas may be assumed and γ and Cp are considered constant. 
 For the first method, the thermodynamic method, the temperature drop is 
measured to determine the actual enthalpy change (∆h=Cp∆T).  Isentropic relations are 
used to relate the ideal enthalpy change in terms of the inlet and exit total pressures rather 







































 For the second method, the mechanical method, the ideal enthalpy change is 
calculated the same as before.  However, the mechanical measurements of torque and 
speed are used along with the measured mass flow rate to determine the actual enthalpy 

































The mechanical method for determining system efficiency requires measurements 
of the system inlet and exit total pressure, inlet total temperature, mass flow rate, speed, 
and torque.  The inlet plane is the inlet to the inlet volute, and the exit plane is the exit of 
the diffuser. 
Exit temperature (diffuser exit temperature) measurements were not available for 
determining the system efficiency.  Therefore, in chapter 5, only the mechanical 
efficiency is considered for the flange-to-flange efficiency. 
When calculating efficiency for the rig test, the torque that the turbine blading 
produces is the value needed.  This value will be higher than the measured torque due to 
rig losses (bearings, disk windage, etc.)  It is standard to add a “tare torque correction” to 
the measured torque to obtain the torque value required to calculate efficiency.  
Therefore, the torque value required for equation 1.2 is actually 
Tq Tq Tqmeasured tare= +       (1.3) 
A tare test to measure the torque correction for the OTTR should have been 





no value for the OTTR tare torque has been determined (Tqtare=0).  Accounting for the 
tare torque will increase the system efficiency calculated by the mechanical method, and 
accounting for the systematic uncertainty associated with the tare torque will increase the 
uncertainty of the efficiency calculated by the mechanical method. 
 The units used in this thesis for the efficiency equation are psia for pressure, °R 
for temperature, ft-lbf for torque, RPM for speed, lbm/sec for mass flow rate, and 
BTU/lbm°R for Cp.  The conversion constants, J and K, are needed for these units.  These 
constants are defined in the list of symbols. Note that the temperatures and pressures in 
equation 1.2 are average values at a cross section.   
 Efficiency is usually evaluated versus velocity ratio, U/C0.  C0  is the spouting 


























U is the disk tangential speed, which is defined as 
NrU ⋅=  
 
 1.3 Summary 
This thesis focuses on the performance of the inlet and exit volutes and diffusers 
of the OTTR system as well as the overall system performance.  Performance was 
evaluated at the aerodynamic design point and over an off-design range.  Uncertainty 
analyses were performed on the experimental results.  The major background information 






and test conditions are presented in Chapter 2.  The background of the uncertainty 
analysis methodology is then given in Chapter 3.  The volute and diffuser performance 
analyses are discussed in Chapter 4.  Chapter 5 then discusses the system performance.   










 The turbine model was designed to support the development of advanced turbines 
for future liquid rocket engines.  The design was known as the Gas Generator Oxidizer 
Turbine (GGOT).  The GGOT was developed by the Turbine Technology Team within 
the Consortium for Computational Fluid Dynamics Application in Propulsion 
Technology [4,5].  The GGOT aerodynamic design was incorporated into a turbine test 
rig, the Oxidizer Technology Turbine Rig (OTTR), to be tested in the cold airflow 
Turbine Test Equipment (TTE) at Marshall Space Flight Center (MSFC).  The OTTR 
was heavily instrumented.  The measurements were planned to evaluate system 
performance and to validate Computational Fluid Dynamics (CFD) codes developed 
during the turbine design phase.  The uncertainty goal for the turbine efficiency was 
± 1% ( ηη /U * 100 = ± 1%).  The uncertainty for the system efficiency was expected to 
be slightly higher over the off-design operating envelope.  The results of the evaluation 
would prove the benefits of CFD application to turbine design.  The OTTR test program 
goals and plans are documented in reference 6. 
 The objectives of the OTTR test program were not only performance evaluation 
but also CFD code validation.  Performance evaluation includes the turbine, an inlet 




each exit volute.  The circular volute design was for the best aerodynamic performance 
while the square volute design was used for the baseline test to prevent the flow from 
choking at the exit volute so that the turbine could be evaluated over a large off-design 
envelope.  The circular exit volute was aerodynamically designed to match the turbine 
exit flow field and to minimize gradients.   
 
2.2 Facility Description 
 The OTTR test was conducted in the MSFC Turbine Test Equipment (TTE) [7].  
The TTE (Figure 2.1) is a blowdown facility that operates by expanding high-pressure air 
(420 psig) from one or two 6000 cubic feet air tanks to either atmospheric conditions or 
vacuum.  Air flows from the storage tanks through a heater section, quiet trim control 
valve, and a calibrated subsonic mass flow venturi.  Flow then continues through the test 
model, backpressure valve, and exhausts to atmosphere or vacuum.  Flow straighteners 
are used in the piping upstream of the test model.  Two sections containing four bosses 
(2–inch diameter) each are also included for facility measurements and seeding for LDV 
measurements.  The facility can accommodate axial flow, radial inflow, and radial 
outflow turbines.  Atmospheric exhaust conditions were used for the OTTR test. 
 This equipment can deliver up to 220 psia air for run times from 30 seconds to 
over one hour, depending on inlet pressure and mass flow rate.  The heater allows a 
blowdown controlled temperature between Ro530  and Ro830 .  The TTE has manual set 
point closed-loop control of the model inlet total pressure, inlet total temperature, shaft 




can accurately measure mass flow rate, torque, and horsepower.  The associated data 
acquisition system is capable of measuring 512 pressures, 120 temperatures, and several 
model health monitoring variables. 
 
2.3 Model Description  
 The OTTR model was a 50% scale model of the GGOT design (Figures 2.2, 2.3, 
2.4, 2.5) [1, 6, 8].  The model was divided into the inlet volute, turbine stage, exit volute, 
and diffuser.  The inlet volute allowed the conditioned air from the TTE to flow through 
the turbine section.  The turbine section was a single stage configuration with 20 vanes 
and 42 blades rotating clockwise (viewed from aft looking upstream).  The turbine blades 
(Figure 2.2) had a turning angle of o157 .  After the turbine section, flow was guided 
through the exit volute and the diffuser.  Two exit volutes configurations were used, and 
data were obtained for both systems (Figure 2.3).  The first configuration was an 
oversized square exit volute designed to prevent the flow from choking at the exit volute.  
The second was a circular exit volute aerodynamically designed to match the turbine exit 
flow field and minimize gradients.  Both exit volutes were configured to be o139  away 
from the inlet volute (Figure 2.4).  Details of the configuration of the OTTR are in 
references 6 and 9.   
 
2.4 Instrumentation 
 The instrumentation was planned so that the performance of each section (inlet 




following types of instrumentation: pressure (total and static), temperature, flow angle, 
laser window, shaft speed pickup, and accelerometer.  An overview of the model 
instrumentation is given in Table 2.1.  Since this thesis concentrates on the volutes and 
diffusers, only these details will be discussed here. 
 The model instrumentation was planned so that the performance of the inlet 
volute, turbine, exit volute and diffuser sections could be evaluated separately.  To 
accomplish this, inlet and exit planes were defined for each of these sections.  The 
required data measurements were recorded using total pressure and total temperature 
rakes, 3-hole cobra probes on radial traverse actuators, and wall static pressure taps for 
the inlet and exit volutes and diffusers (Figures 2.5-2.8).  In Figure 2.8, the diffuser for 
the circular exit volute is much shorter than the diffuser for square exit volute.  The inlet 
volute inlet total pressures and yaw angles were measured using two bosses with 3-hole 
cobra probes on radial actuators so that measurements could be made from top to bottom 
and from left to right in the pipe.  The inlet volute and the exit volute static pressures 
were measured at different planes along the volute.  For each plane, pressures were 
measured at various circumferential locations along the wall.  The exit volute exit total 
pressure measurements were the same as the diffuser inlet total pressure measurements.  
A rake with nine probes was inserted into the pipe.  For the circular exit volute, the rake 
could traverse automatically.  For the square exit volute, the rake could be moved 
manually in 030  increments.  The diffuser static pressures were measured at seven 
streamwise positions from inlet to exit for the circular exit volute test and at ten axial 




total and static pressure measurements is shown in Table 2.2.  The various 
measurement positions and plane designations are given in Table 2.3.  The plane 
designations will be further explained in chapter 4. 
 
2.5 Test Conditions 
 The OTTR was tested at the turbine aerodynamic design point (ADP) and over a 
broad off-design operating range.  The set point parameters for the tests were the turbine 
inlet total pressure, inlet total temperature, speed, and turbine total-to-total pressure ratio 
(inlet total pressure to exit total pressure) [1].  The ADP set point parameters for both 
volute tests were: ,10001 psiaP =  ,56001 RT
o=  ,3710RPMN =  and 60.1Pr =−tt .  The 
test facility set point for pressure ratio was different from the model set point 60.1Pr =−tt  
across the turbine due to the facility piping.  The facility pressure ratio was the set point 
for facility control and was defined as the facility inlet total pressure over the facility exit 
pressure.  The facility inlet total pressure was measured just upstream of the inlet to the 
inlet volute.  The facility exit pressure was measured downstream of the diffuser exit in a 
large diameter facility pipe where the velocity was very low.  The facility pressure ratio 
(
facr
P ) was 1.85 for the square exit volute test and 1.95 for the circular volute test to 
achieve 60.1Pr =−tt  across the turbine.  The square exit volute test had an additional 
ADP set point pressure ratio (
facr
P =1.91) to try to match the ADP turbine total-to-static 
pressure ratio, since early test results showed a difference between these two points [9].  




aerodynamic design point and off-design points for both the circular exit volute and the 




Table 2.1 OTTR Instrumentation Overview 
Inlet Volute: 
Inlet–2 bosses o90  off. 
Circumferential wall statics–10 planes. 
2 laser window locations at 4 planes. 
Turbine Inlet and Exit (Plane 1104 and Plane 1202): 
4 total pressure rakes (5 probes each). 
4 total temperature rakes (5 probes each). 
2 auto-nulling cobra probes with radial actuators.  Each can traverse o90  circ. 
1 three-hole modified prism (YC) probe that can be mounted in any exit rake position. 
Maximum of 8 rakes and 2 cobras can be inserted at once. 
Automatic circumferential traverse. 
Turbine: 
Inner and outer wall statics–7 planes.  
Vane surface statics: 4 circ. locations at 50% span, 1 cir. location at 10% span, 1 circ. 
location at 90% span. 
Disk cavity static pressures: 4 front, 4 rear. 
Disk cavity total temperatures: 2 front, 2 rear. 
Exit Volute: 
Circumferential wall statics–10 planes for circular and 9 planes for square. 
Exit total pressure rake (9 probes).  Manual circ. traverse ( o30  increments) for square 
test.  Automatic circ. traverse for circular test. 
2 laser window locations at 4 planes. 
Diffuser: 
Statics–10 axially and 4 exit for square test and 7 axially for circular test. 
Exit total pressure rake (9 probes).  Manual circ. traverse ( o30  increments) for square 
test.  Automatic circ. traverse for circular test. 
Miscellaneous 
2 speed pick-ups. 
Accelerometers: 2 horizontal, 2 vertical. 
Contoured blank plugs for all bosses. 









Table 2.2 Total Pressure and Static Pressure Measurements 




Inlet Volute 2 bosses 90 degrees off for cobra probes 
Circumferential wall statics-
10 planes 





Exit total pressure rake-9 
probes at fixed positions of 
030  increments 
Circumferential wall statics-
9 planes 
Circular Exit Exit total pressure rake-9 probes on circ. traverse Statics-7 axially 
Diffuser 
Square Exit 
Exit total pressure rake-9 
probes at fixed positions of 
030  increments 
Statics-10axially and 4 exit 
 
 
Table 2.3 Measurement Planes and Positions 
 
 Circular Exit Volute 
(Planes) 
Square Exit Volute 
(Planes) 
Inlet Volute 
(static planes) PS1300, PS310-PS318 PS1300, PS310-PS318 
Inlet Volute 
(total) 
PT1301 A, B 
(cobra probes) 
PT1301 A, B 
(cobra probes) 
Exit Volute 
(static planes) PS610-PS617, PS619-620 PS610-PS618 
Diffuser 
 (axial static) PS1421-1427 PS1401-1410  
Diffuser  
(inlet total) PT1420-01---PT1420-09 PT1400-01----PT1400-09 
Diffuser  
(exit total) PT1520-01---PT1520-09 PT1500-01----PT1500-09 
 
 























 P01(psia) T01 (R) N(RPM) rfacP  
ADP 
(Circular) 100 560 3710 1.95 
100 560 3710 1.85 ADP 
(Square) 100 560 3710 1.91 
100 560 2000 1.4 
100 560 2000 1.8 
100 560 2000 2.2 
100 560 3710 1.4 
100 560 3710 1.8 
100 560 3710 2.2 
100 560 5000 1.4 
100 560 5000 1.8 
Off-design
Points 





Figure 2.1 TTE Schematic 
 
 






























Figure 2.4 OTTR Schematic 
Figure 2.3 (a) OTTR with 
Square Exit Volute 
Figure 2.3 (b) OTTR with 





































Figure 2.8 (a) Diffuser with 
Circular Exit Volute 
Figure 2.8 (b) Diffuser with 







UNCERTAINTY ANALYSIS METHODOLOGY 
An overview of uncertainty analysis with some basic definitions will be presented 
here.  The information in this chapter was taken directly from reference 1.  For more 
details on uncertainty analysis techniques, see references 10 and 11. 
 The word accuracy is generally used to indicate the relative closeness of 
agreement between an experimentally-determined value of a quantity and its true value.  
Error is the difference between the experimentally-determined value and the truth; 
therefore, as error decreases, accuracy is said to increase.  Only in rare instances is the 
true value of a quantity known.  Thus, it is necessary to estimate error, and that estimate 
is called an uncertainty, U.  Uncertainty estimates are made at some confidence level–a 
95% confidence estimate, for example, means that the true value of the quantity is 
expected to be within the U±  interval about the experimentally-determined value 95 
times out of 100. 
 Total error can be considered to be composed of two components: a random 
(precision) component, ε , and a systematic (bias) component, β .  An error is classified 
as random if it contributes to the scatter of the data; otherwise, it is a systematic error.  As 
an estimate of β , a systematic uncertainty or bias limit, B, is defined.  A 95% confidence 
estimate is interpreted as the experimenter being 95% confident that the true value of the 




magnitude of a systematic error is to assume that the systematic error for a given case 
is a single realization drawn from some statistical parent distribution of possible 
systematic errors.  As an estimate of the magnitude of the random errors, a random 
uncertainty or precision limit, P, for a single reading is defined.  A 95% confidence 
estimate of P is interpreted to mean that the P±  interval about the single reading of iX  
should cover the (biased) parent population mean, µ , 95 times out of 100. 
In nearly all experiments, the measured values of different variables are combined 
using a data reduction equation (DRE) to form some desired result.  A general 
representation of a data reduction equation is 
( )JXXXrr ,,, 21 L=  
where r is the experimental result determined from J measured variables iX .  Each of the 
measured variables contains systematic errors and random errors.  These errors in the 
measured values then propagate through the data reduction equation, thereby generating 
the systematic and random errors in the experimental result, r. 
If it is assumed that the degrees of freedom for the result is large enough (N>10), 
which is very appropriate for most engineering applications, then the “large sample 
assumption” is applied [10] and the 95% confidence expression for rU  is 
222
rrr PBU +=  
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The systematic uncertainty estimate for each iX  variable is the root sum square 
combination of its elemental systematic uncertainties.   

















ikB  is the 95% confidence estimate of the covariance appropriate for the systematic errors 
in iX  and kX  and is determined from 







where the variables iX  and kX  share L identical error sources. 















iir PPP θθθ  
where ikP  is the 95% confidence estimate of the covariance appropriate for the random 
errors in iX  and kX , and the 95% confidence large sample (N>10) precision limit for a 
variable iX  is estimated as 
ii XX
SP 2=  
where the sample standard deviation for iX  is  




















































X =  
and the 95% confidence large sample random uncertainty limit for the mean value is 
estimated as 
ii XX
SP 2=  
 Typically, correlated precision uncertainties have been neglected so that the ikP ’s 
in Equation 3.7 are taken as zero.  These covariance terms account for correlation 
between errors in different measurements.  The precision errors have been considered to 
be random; therefore, the correlation between them has been assumed to be zero.  That 
assumption is true in the work here. 
 The methodology discussed above was used to obtain uncertainty estimates for all 
of the measured variables.  Most of these estimates were made in previous work [1, 12].  
Additional uncertainty estimates needed for this work will be discussed later. 
 Two approaches can be used to evaluate the influence of the uncertainty of each 
variable on the uncertainty of the result.  The first is the uncertainty magnification factor 
(UMF), and the second is the uncertainty percentage contribution (UPC) [10].  

















It indicates the influence of the uncertainty in each variable on the total uncertainty of the 
result.  A UMF greater than one indicates that the influence of the uncertainty in the 
variable is magnified as it propagates through the DRE into the result.  A UMF less than 
one indicates that the influence of the uncertainty in the variable is diminished as it 
propagates through the DRE into the result (Note that the sign does not affect the overall 
uncertainty since all terms are squared in the uncertainty equation).   
 This type of analysis is useful for a general case during the early planning phase 
of an experiment.  A general uncertainty analysis was conducted and the results were 
used in the planning phase of the OTTR program.  These results are documented in 
reference 13.   
 The second approach, the UPC, shows the percentage contribution of the 
uncertainty in each variable to the total uncertainty of the result [1, 10].  The UPC terms 





















The UPC illustrates the influence of each variable and its uncertainty as a percent of the 
result uncertainty squared for each squared term.  This approach shows the sensitivity of 
the squared uncertainty of the result to the squared uncertainty effect of each of the 






uncertainties for each variable have been estimated.  Since this type of analysis 
incorporates the uncertainty estimates associated with a particular test situation, it is 
useful from the later planning phase throughout the experiment.  The UPC values are 
used in Chapter 5 to study the influences of the uncertainties of the different variables on 







VOLUTE AND DIFFUSER PERFORMANCE  
4.1 Procedure 
Chapters 1-3 provided the background needed for the performance analyses.  In 
this chapter, the performance analyses of the volutes and diffusers will be discussed in 
detail. 
 Experimental data from two different tests were analyzed–the OTTR with a 
square exit volute and the OTTR with a circular exit volute.  The two different volutes 
generated different flow fields at the turbine exit.  Comparisons between the two different 
volute tests were made to evaluate the system performance as well as the performance of 
the inlet volute and the two exit volute and diffuser arrangements.  The analysis 
procedures used and results are described in this chapter.   
OTTR test objectives included performance measurement at the aerodynamic 
design point (ADP) and off-design conditions.  Nominal inlet conditions for testing were 
100 psia and 5600 R.  Design point (turbine total-to-total) pressure ratio and speed at 
these inlet conditions were 1.60 and 3710 rpm, respectively.  The off-design envelope 
included pressure ratios from 1.20 to 1.80 and speeds from 1000 to 5000 rpm (Section 
2.5).  The data measurement procedures were explained in Section 2.4.   
The flow in the turbine was choked at ADP; therefore, variations cannot proceed 




to be the same for both the square and circular exit volute tests at ADP.  For off-design 
points, those set points with the maximum mass flow rate can be regarded as the choked 
flow cases.  Hence the inlet volute performance should not vary for these cases either.  
Table 4.1 shows the off-design mass flow rates.  The choked cases are in bold. 
 In the pressure performance analysis, all pressure data was normalized by the 
facility inlet total pressure so that comparisons could be made between data from 
different runs and different tests.  Therefore, the measured static pressure value is divided 
by the average facility inlet total pressure for the particular run, and this normalized 
pressure is plotted. 
 
4.2 Inlet Volute Performance   
4.2.1 Total Pressure and Yaw Angle Measurements (ADP) 
The inlet volute total pressures and yaw angles were measured by inserting two 3-
hole cobra probes into the flow ο90  apart.  The two probes, positioned at A and B, 
respectively, were on radial traverse actuators to measure the values from top to bottom 
(position A) and from left to right (position B) (Figure 4.1).  A total of four runs were 
made to collect this data at ADP.  For one run, a probe was inserted from the top of the 
volute (0%) and measurements were made from 5 to 95% of the diameter (d=3.62 in.) in 
5% increments.  This data was then repeated staring at the 95% position to check 
hysteresis.  Next, another cobra probe was inserted from the left side of the volute (0%), 




in 5% increments.  Again, the measurements were repeated starting at the 95% location 
to check hysteresis[14]. 
Figures 4.2-4.5 show the inlet volute total pressure and yaw angle measurements 
for both the circular exit volute test and the square exit volute test at ADP.  Before 
plotting the data in the figures, the measurements made from 5 to 95% span were 
compared with those made from 95-5% span.  This was done for the top to bottom 
measurements as well as the left to right measurements.  Hysteresis was not apparent; 
therefore, averaged values of measurements from 5-95% and from 95-5% were used in 
these figures.  As expected, the total pressure profiles exhibited lower values near the 
walls for both tests at position A.  A similar profile was also exhibited for position B for 
the square volute test.  However, the circular volute test had an increase in total pressure 
from left to right across the pipe.  The inlet flow was not as uniform as expected for the 
circular volute test.  The inlet flow angles in the core flow ranged approximately from 00  
to 02.1− .  The uncertainty bands for the flow angles were 01± . 
 
4.2.2 Total Pressure Measurements (Off-design) 
As mentioned previously, off-design performance was evaluated at 9 different set 
points.  Off-design total pressure measurements at the inlet to the inlet volute were only 
obtained for the circular exit volute test.  Similar off-design data for the square exit volute 
test was not available. 
 As stated previously, to compare data from different runs, normalized pressure 




each run.  Figures 4.6-4.7 show the inlet volute total pressure distribution of off-design 
points for the circular exit volute test.  As with ADP, the total pressure profiles from top 
to bottom at position A are as expected with lower pressures near the walls.  These 
profiles are very similar for all set points.  However, at position B, again there is 
increasing pressure from left to right.  The profiles are also shifted slightly from set point 
to set point.    
 
4.2.3 Static Pressure Measurements (ADP) 
Inlet volute static pressure performance is based on the static pressure 
measurements at different planes of the inlet volute.  These planes are Plane 1300 and 
Planes 310-318, which are located at different positions along the volute.  The plane 
positions are defined in degrees according to the sketch in Figure 4.8.  For each plane, 
pressures were measured around the circumference.  These circumferential locations are 
given in degrees on the x-axis of each figure.  Since the shape of the exit volute (circular 
and square) could affect the inlet volute performance, the inlet volute performance will be 
discussed separately for the circular exit volute and square exit volute tests in the 
following sections.  Again, the normalized pressure values are used instead of actual 
static pressures for comparisons.  The normalized values are defined as the ratio of static 
pressure values to the facility total pressure values.   
Figure 4.8 shows the inlet volute static pressure performance with the circular exit 
volute at the aerodynamic design point.  Figure 4.9 shows the inlet volute static pressure 




Figures 4.8 and 4.9, the static pressures at ADP for the circular exit volute shape and 
the square exit volute shape are the same.  The results are reasonable and consistent with 
the prediction, since the flow was expected to be choked in the turbine section at ADP. 
 
4.2.4 Static Pressure Measurements (Off-design) 
Figures 4.10-4.18 show the inlet volute static pressure performance with the 
circular exit volute for the 9 off-design points.  Figures 4.19-4.27 show the inlet volute 
static pressure performance with the square exit volute for the 9 off-design points.  All 
values plotted are average values and are normalized to the facility total pressure.  The 
plane and circumferential locations are the same as at ADP.   
Comparing Figures 4.10-4.18, the pressure of each inlet volute plane is slightly 
different for different off-design set points.  The results show that for a certain inlet 
volute plane, with increasing speed, N, and decreasing pressure ratio, Pr, the static 
pressure value increases.  For example, for the same speed of 2000 RPM, the static 
pressure for a plane is higher at Pr=1.4 than at Pr=1.8 and Pr=2.2. For the same pressure 
ratio, for example Pr=1.4, the highest pressure of a plane occurs at the highest speed 
N=5000 RPM.  Therefore, at off-design point conditions, the inlet volute static pressure 
with the circular exit volute has the highest static pressure at the off-design point 
N/Pr=5000/1.4 and the lowest static pressure at the off-design point N/Pr=2000/2.2.  The 
square volute test shown in Figures 4.19-4.27 yields analogous results.   
The inlet volute performance at off-design points for both the circular and square 




for a certain off-design set point, the static pressures of the inlet volute with the square 
exit volute are slightly higher than the static pressures of the inlet volute with the circular 
exit volute.   
 
4.3 Exit Volute Performance 
The exit volute exit total pressures were measured by a rake with 9 sensors along 
the radial span.  The rake could be rotated manually in o30  increments circumferentially 
for the square exit volute test and could be rotated automatically by a circumferential 
traverse for the circular exit volute test (Figure 4.28).  However, since the exit volute exit 
plane and the diffuser inlet plane were the same, a discussion of the total pressure results 
will be reserved until the next section on the diffuser.  The diffuser inlet and exit total 
pressure results will then be shown together.  Again, normalized pressure values were 
used.  
Exit volute static pressure performance was based on the static pressure 
measurements at different planes of the exit volute.  These different planes are planes 
610-617 and 619-620 for the circular volute test and 610-618 for the square volute test.  
The plane locations and circumferential locations within each plane are defined in the 
same manner as for the inlet volute.  Again, normalized pressure values are used.  The 
exit volute performance will be discussed for the circular exit volute and the square exit 






4.3.1 Static Pressure Measurements (ADP)  
Figures 4.29-4.30 show the exit volute static pressure performance with the 
circular exit volute and the square exit volute at the aerodynamic design point.  Unlike 
the comparison of inlet volute pressure performance at the aerodynamic design point 
between the circular exit volute and square exit volute tests, the exit volute pressure 
performance at the aerodynamic design point changes significantly between the circular 
exit volute and the square exit volute.  The static pressure is higher for the circular exit 
volute test.  The results also show that the square exit volute had larger static pressure 
gradients. 
 
4.3.2 Static Pressure Measurements (Off-design) 
Figures 4.31-4.39 show the exit volute static pressure performance with the 
circular exit volute for all off-design points.  All values plotted are average values.  
Comparing Figures 4.31-4.39, the pressures for each exit volute plane are very different 
for different off-design set points.  The results show that for a certain exit volute plane, 
with increasing speed, N, and decreasing pressure ratio, Pr, the static pressure value 
increases.  For example, for the same speed of 2000 RPM, the static pressure for a plane 
is higher at Pr=1.4 than at Pr=1.8 and Pr=2.2.  For the same pressure ratio, for example 
Pr=1.4, the highest pressure of a plane occurs at the highest speed N=5000 RPM.  
Therefore, at off-design point conditions for the exit volute static pressure with the 




N/Pr=5000/1.4 and the lowest static pressure exists at the off-design point 
N/Pr=2000/2.2.  
For the exit volute, the Pr affects the exit volute pressure much more than the inlet 
volute pressure.  This is because the pressure ratio, by definition, is the ratio of the inlet 
pressure and the exit pressure.  Therefore, the value of exit volute pressure is directly 
proportional to the value of pressure ratio Pr.  The different set points change the Mach 
number.  Therefore, the dynamic pressure of the flow will change with changing Mach 
number.  At a certain pressure ratio, decreasing Mach number causes the static pressure 
to be closer to the total pressure. 
Figures 4.40-4.48 show the exit volute static pressure performance with the 
square exit volute for all off-design points.  All values plotted are average values.  From 
Figures 4.40-4.48, the pressures for each exit volute plane are very different for different 
off-design set points.  The results show that for a certain exit volute plane, with 
increasing speed, N, and decreasing pressure ratio, Pr, the static pressure value increases.  
This is the same as the trend exhibited by the circular exit volute test results.   
 As with the comparison of exit volute performance at the aerodynamic design 
point between the circular and square exit volute tests, the exit volute performance at off-
design points for both the circular and the square exit volutes also changes significantly.  
A detailed comparison shows that for a certain off-design set point, the static pressures of 
the exit volute with the square exit volute are slightly lower than the static pressures of 
the exit volute with the circular exit volute.  At the same time, the square exit volute has 




4.4 Diffuser Performance 
 Diffuser total pressure measurements include diffuser inlet total pressure and 
diffuser exit total pressure measurements.  The method of total pressure measurement for 
the diffuser exit was the same as that for the diffuser inlet (Figure 4.28).  They were 
measured by a rake with 9 sensors along the radial span.  The rake could be rotated 
manually in o30  increments circumferentially for the square exit volute test and could be 
rotated automatically by a circumferential traverse for the circular exit volute.  However, 
the diffuser rake was not manually moved for the square exit volute test.  Therefore, one 
common measurement position (rake at o0 position) was used to plot diffuser total 
pressure measurements for both the circular exit volute test and the square exit volute 
test.  The diffuser inlet and exit total pressure rakes were positioned perpendicular to each 
other to minimize effects of the upstream rake on the downstream measurements.  The 
diffuser static pressures were measured axially at the top of the diffuser with 10 positions 
from inlet to exit for the square exit volute test and 7 positions for the circular exit volute 
test. 
 
4.4.1 Total Pressure Measurements (ADP) 
 Figure 4.49 and Figure 4.50 show the diffuser inlet total pressure measurements 
and the diffuser exit total pressure measurements at the aerodynamic design point for 
both the circular exit volute test and the square exit volute test.  The total pressures were 
higher at the inlet and the exit for the circular exit volute test.  For the square exit volute, 




inlet than at the exit.  It is believed that the flow angles leaving the exit volute were 
larger than the acceptance angles for the total pressure probes [14]. 
 
4.4.2 Total Pressure Measurements (Off-design) 
Figures 4.51-4.59 show the diffuser inlet total pressure measurements at off-
design points for both the circular exit volute test and the square exit volute test.  From 
these figures, for each off-design point, the circular exit volute test always had higher 
total pressure than the square exit volute test.  The profiles are similar for a given speed 
for both tests.  The profiles are also similar for a given pressure ratio for both tests.  The 
drop in total pressure for higher pressure ratio set points is apparent in the data.   
 Figures 4.60-4.68 show the diffuser exit total pressures for both the circular exit 
volute test and the square exit volute test at off-design points.  From Figures 4.60-4.68, 
the circular exit volute test again had higher total pressure than the square exit volute test 
in most of the cases.  There were a few data points from 80-100% span where the square 
exit volute data matched or slightly exceeded the circular volute total pressure value.  
Profile comparisons were the same as for the diffuser inlet given in the previous 
paragraph.  The gradients in total pressure were large for both diffusers. 
 
4.4.3 Static Pressure Measurement (ADP) 
 Figure 4.69 shows the diffuser static pressures for both the circular exit volute test 




diffuser for the circular exit volute test had higher static pressure values.  Both of the 
diffusers show constant static pressure recovery from the inlet to the exit as expected. 
 
4.4.4 Static Pressure Measurements (Off-design) 
 Figures 4.70-4.78 show the diffuser static pressures for both the circular exit 
volute and the square exit volute tests at off-design points.  The diffuser performance 
results show that the pressures at each position along the diffuser differ for different off-
design set points.  The results show that for a certain diffuser position with the same 
speed, and decreasing pressure ratio Pr, the static pressure values increase.  For example, 
for the same speed at 2000 RPM, the static pressure for the diffuser is higher at pressure 
ratio Pr=1.4 than at pressure ratio Pr=1.8 and Pr=2.2.  This is again because the exit 
pressure value is proportional to the inlet pressure value and the definition of pressure 
ratio Pr.  However, unlike the inlet volute and exit volute performance analyzed before, 
for the same pressure ratio Pr, the static pressures along the diffuser are slightly higher 
with the decreasing of the speed N.  For example, for the same pressure ratio Pr=1.4, the 
highest pressure of a plane occurs at the lowest speed N=2000 RPM.  As a result, at off-
design point conditions for diffuser static pressures, the highest static pressure exists at 
the off-design point N/Pr=2000/1.4 and the lowest static pressure exists at the off-design 
point N/Pr=5000/2.2.  
 Diffuser static pressures increase from the inlet to exit for all cases showing 
consistent static pressure recovery for both diffusers at all conditions.  However, unlike 




static pressure is higher in the circular volute for some cases (ADP 2000/2.2, 3710/2.2, 
5000/1.8, 5000/2.2) and higher in the square volute for the other cases.  The diffuser inlet 
total pressure and diffuser lengths have an effect on the static pressure causing the results 
to vary for different set points.   
 
4.5 Pressure Measurement Uncertainty  
 In chapter 3, the uncertainty method was discussed for the evaluation and analysis 
of the performance.  For all of the pressure measurement results, uncertainties should be 
taken into account.  This section presents the volutes/diffusers static and total pressure 
measurement uncertainties (systematic and random).  The systematic uncertainty is the 
same for all measurements with the value 0.11 psia.  The random uncertainties were 
calculated for each location at different set points.  Table 4.2 gives the pressure 
measurement uncertainty results.  From this table, the random uncertainty estimates are 
relatively much lower than the systematic uncertainty estimates due to the large number 




Table 4.1.  Off-design Mass Flow Rates 




N/Pr Mass Flow Rate Mass Flow Rate 
2000/1.4 10.93 11.11 
2000/1.8 11.62 11.62 
2000/2.2 11.69 11.69 
3710/1.4 10.25 10.49 
3710/1.8 11.50 11.47 
3710/2.2 11.61 11.56 
5000/1.4 9.61 9.91 
5000/1.8 11.18 11.28 
5000/2.2 11.42 11.41 
 
 
Table 4.2 Pressure Measurement Uncertainties 
 
 Circular Exit Volute  Square Exit Volute 
Systematic 
Uncertainty  0.11 0.11 
Random Uncertainty (ADP) 
Inlet Volute 0.01 0.01 
Exit Volute 0.008-0.06 0.01-0.04 
Diffuser 0.009 0.07 
Overall Uncertainty (ADP) 
Inlet Volute 0.11 0.11 
Exit Volute 0.11-0.13 0.11-0.12 
Diffuser 0.11 0.13 
Random Uncertainty (Off-design) 
Inlet Volute 0.01 0.01 
Exit Volute 0.01 0.06 
Diffuser 0.05 0.02 
Overall Uncertainty (Off-design) 
Inlet Volute 0.15 0.11 
Exit Volute 0.11 0.13 




































Figure 4.2 Inlet Volute Total Pressure Measurements at Position A 
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Figure 4.5 Inlet Volute Yaw Angle Measurements at Position B   
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Plane 1300 (Volute Inlet Traverse Plane) Plane 310 (Inlet)
Plane 311 (Inlet Transition) Plane 312 (357 degrees)
Plane 313 (312 degrees) Plane 314 (267 degrees)
Plane 315 (222 degrees) Plane 316 (177 degrees)
Plane 317 (132 degrees) Plane 318 (85 degrees)
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Figure 4.9 Inlet Volute Static Pressure Measurements with Square Exit Volute (ADP) 
Figure 4.10 Inlet Volute Static Pressure Measurements with Circular Exit Volute (Off-









































Figure 4.11 Inlet Volute Static Pressure Measurements with Circular Exit Volute (Off-


































Figure 4.12 Inlet Volute Static Pressure Measurements with Circular Exit Volute (Off-








































































Plane1300 (Volute Inlet Traverse Plane) Plane310 (Inlet)





Figure 4.13 Inlet Volute Static Pressure Measurements with Circular Exit Volute (Off-
design Point N/Pr=3710/1.4) 
 
 
Figure 4.14 Inlet Volute Static Pressure Measurements with Circular Exit Volute (Off-




























Plane1300 (Volute Inlet Traverse Plane) Plane310 (Inlet)







Figure 4.15 Inlet Volute Static Pressure Measurements with Circular Exit Volute (Off-






























Plane1300 (Volute Inlet Traverse Plane) Plane310 (Inlet)





Figure 4.16 Inlet Volute Static Pressure Measurements with Circular Exit Volute (Off-





























Plane1300 (Volute Inlet Traverse Plane) Plane310 (Inlet)







Figure 4.17 Inlet Volute Static Pressure Measurements with Circular Exit Volute (Off-






























Plane1300 (Volute Inlet Traverse Plane) Plane310 (Inlet)





Figure 4.18 Inlet Volute Static Pressure Measurements with Circular Exit Volute (Off-




















Plane1300 (Volute Inlet Traverse Plane) Plane310 (Inlet)
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Figure 4.19 Inlet Volute Static Pressure Measurements with Square Exit Volute (Off-
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Figure 4.20 Inlet Volute Static Pressure Measurements with Square Exit Volute (Off-

































PS1300 (Volute Inlet Traverse Plane) PS310 (Inlet)
PS311 (Inlet Transition) PS312(357deg)
PS313 (312deg) PS314 (267deg)
PS315 (222deg) PS316 (177deg)




Figure 4.21 Inlet Volute Static Pressure Measurements with Square Exit Volute (Off-
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Figure 4.22 Inlet Volute Static Pressure Measurements with Square Exit Volute (Off-
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Figure 4.23 Inlet Volute Static Pressure Measurements with Square Exit Volute (Off-
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Figure 4.24 Inlet Volute Static Pressure Measurements with Square Exit Volute (Off-
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Figure 4.25 Inlet Volute Static Pressure Measurements with Square Exit Volute (Off-
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Figure 4.26 Inlet Volute Static Pressure Measurements with Square Exit Volute (Off-
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Figure 4.27 Inlet Volute Static Pressure Measurements with Square Exit Volute (Off-
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Figure 4.31 Exit Volute Static Pressure Measurements with Circular Exit Volute (Off-





























Plane619 (exit volute exit) Plane620 (inlet to diffuser)
 
Figure 4.32 Exit Volute Static Pressure Measurements with Circular Exit Volute (Off-



































Plane619 (exit volute exit) Plane620 (inlet to diffuser)
Figure 4.33 Exit Volute Static Pressure Measurements with Circular Exit Volute (Off-




































Plane619 (exit volute exit) Plane620 (inlet to diffuser)
 
Figure 4.34 Exit Volute Static Pressure Measurements with Circular Exit Volute (Off-

































Plane619 (exit volute exit) Plane620 (inlet to diffuser)
 
Figure 4.35 Exit Volute Static Pressure Measurements with Circular Exit Volute (Off-
































Plane619 (exit volute exit) Plane620 (inlet to diffuser)
 
Figure 4.36 Exit Volute Static Pressure Measurements with Circular Exit Volute (Off-






































Plane619 (exit  volute exit) Plane620 (inlet to diffuser)
 
Figure 4.37 Exit Volute Static Pressure Measurements with Circular Exit Volute (Off-





























Plane619 (exit  volute exit) Plane620 (inlet to diffuser)
 
Figure 4.38 Exit Volute Static Pressure Measurements with Circular Exit Volute (Off-
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 Figure 4.39 Exit Volute Static Pressure Performance With Circular Exit Volute (Off-
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Figure 4.40 Exit Volute Static Pressure Measurements with Square Exit Volute (Off-





































Figure 4.41 Exit Volute Static Pressure Measurements with Square Exit Volute (Off-
































Figure 4.42 Exit Volute Static Pressure Measurements with Square Exit Volute (Off-







































Figure 4.43 Exit Volute Static Pressure Measurements with Square Exit Volute (Off-


































Figure 4.44 Exit Volute Static Pressure Measurements with Square Exit Volute (Off-







































Figure 4.45 Exit Volute Static Pressure Measurements with Square Exit Volute (Off-





































Figure 4.46 Exit Volute Static Pressure Measurements with Square Exit Volute (Off-

































Figure 4.47 Exit Volute Static Pressure Measurements with Square Exit Volute (Off-
































Figure 4.48 Exit Volute Static Pressure Measurements with Square Exit Volute (Off-














Figure 4.49 Diffuser Inlet Total Pressure Measurements for Both Square and Circular 
Exit Volute Tests (ADP)  
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In this chapter, the system performance will be evaluated.  The system 
performance will be evaluated by studying the pressure ratios at various planes through 
the system and by studying the system efficiency.  System efficiency refers to the flange-
to-flange efficiency of the system, which includes the inlet volute, the turbine, the exit 
volute, and the diffuser (Section 1.2).  The inlet plane (1300) is defined as the inlet to the 
inlet volute, and the exit plane (1500) is defined as the exit of the diffuser.  As stated in 
section 1.2, exit temperature measurements were not available at the diffuser exit; 
therefore, only the mechanical efficiency method is used for the system efficiency.  In the 
following sections, unless it is especially stated, all efficiency results refer to mechanical 
efficiency. 
 
5.2 System Pressure Ratios 
 The pressure ratios through the system at ADP are compared with the pretest 
predictions [8] for both tests in Figure 5.1.  Pretest predictions were not available for all 
of the off-design points; therefore, only ADP data is presented here.  Each station is 
defined on the figure.  The turbine inlet plane is located at the circumferential traverse 




exit plane is located at the circumferential traverse ring in the annular diffuser between 
the blade exit and the inlet to the exit volute.  Station 9, the inlet to the conical diffuser, is 
also the exit of the exit volute.  The data is an average of the ID and OD wall static 
pressures from station 2 through station 8.  The data has been non-dimensionalized 
differently for these figures.  The ratio of total pressure at the inlet to the inlet volute over 
the static pressure at a station is plotted since the predictions were done this way. 
 The data matches the prediction very well through the vane exit.  The static 
pressure drop through the blade, however, is lower than predicted.  The data remains 
lower than the prediction through the rest of the system.  The static pressure downstream 
of the rotor was higher than expected for both tests.  
  
5.3 System Efficiency 
 System flange-to-flange efficiency was calculated for the different set points 
(ADP and off-design) for both the circular exit volute and the square exit volute tests.  
Table 5.1 gives the system efficiency results (System efficiency and uncertainty 
calculations are included in the APPENDIX).   
 The system flange-to-flange efficiency vs. velocity ratio (Section 1.2) is plotted in 
Figure 5.2.  From Figure 5.2, the efficiency of the circular exit volute test is higher than 
the efficiency of square exit volute test at all set points (ADP and off-design).  The 
predictions show that the efficiency was expected to be higher with the circular volute at 
ADP.  For both the square exit volute and the circular exit volute tests, the prediction 




the system efficiency data reduction equation is in fact comprised of two parts, the 
measured torque and the tare torque.  In this thesis, the tare torque is neglected; therefore, 
the actual system efficiency values should be a little higher than the values calculated in 
this chapter. 
 
5.4 System Efficiency Uncertainty 
5.4.1 Uncertainty Calculations 
 The uncertainty analysis methodology was given in Chapter 3.  This methodology 
was followed to determine the system efficiency uncertainty.  Table 5.2 contains the 
systematic uncertainty estimates for each variable.  Most of these estimates were 
determined from previous work [1,12].  Random uncertainties were calculated using 
equation 3.12.  Table 5.3 gives the random uncertainties for all set points.  The system 
efficiency uncertainties were calculated using these estimates. 
 The data reduction equation for the system efficiency is given by equation 1.2.  
Constant values of 4.1=γ , J=778.3 ft-lbf/BTU, 
30
π
=K rad*min/rev*sec, and 
24.0=pC  BTU/lbm R were used.  The measured values for Tq, N, W& , T01, P01, and P02 
were used for each different case. 
 The overall uncertainty is comprised of three parts: the random uncertainty, the 
systematic uncertainty, and the correlated systematic uncertainty.  In this problem, the 






CSRU ++= 222η  
where R is the random uncertainty, S is the systematic uncertainty, and C is the correlated 
term.   
 Based on equation 1.2 and the uncertainty analysis techniques discussed in 





























































































































 Similarly, the systematic uncertainty and the correlated systematic uncertainty can 






















































































































































 The partial derivative terms for equations 5.2-5.4 were calculated using 
Mathcad® (APPENDIX).  The efficiency values for all set points and the final overall 








5.4.2 Uncertainty Results 
 Uncertainty results include the system efficiency uncertainties, the velocity ratio 
(U/C0) uncertainties, and the UMF and UPC values (Chapter 3) for the system efficiency 
uncertainties. 
 Tables 5.4 and 5.5 show the uncertainty results for both the circular exit volute 
and the square exit volute tests, respectively.  From these tables, the uncertainty of the 
velocity ratio was very low.  The uncertainty was usually less than the number of 
significant figures used to report the value.  For the system efficiency uncertainty results, 
the circular exit volute test had a larger range of uncertainties than the square exit volute 
test.  This was due to the larger variations in mass flow rate for the circular volute test 
and to the large radial variation in the diffuser exit total pressure resulting in large 
random uncertainty estimates for P02 (Table 5.3). 
 Table 5.6 summarizes the uncertainty results for system flange-to-flange 
efficiency (with 95% confidence) for both the circular exit volute and the square exit 
volute tests at the aerodynamic design point and off-design points. 
 The UMF and UPC values, defined in Chapter 3, were used to evaluate the 
uncertainty results.  Table 5.7 gives the UMF and UPC values for both the circular exit 
volute and the square exit volute tests (ADP).  In Table 5.7, the UMF results show that 
the inlet and exit pressure measurements could potentially be very important based on the 
data reduction equation.  However, the UPC results show that the variable W&  is the most 
critical factor in the overall system efficiency uncertainty for these particular tests.  The 




circular volute test.  Tables 5.8 and 5.9 give the UPC and UMF results for both the 
circular and the square exit volute tests at off-design points respectively.  From Table 5.8, 
for the circular exit volute, the exit pressure plays a more important role than the mass 
flow rate, while for the square exit volute, the mass flow rate plays the most important 
role.  This difference comes from the designs of the circular exit volute and the square 
exit volute.  The square exit volute required a much longer diffuser than the circular exit 
volute.  As a result, the square exit volute had a more uniform pressure field at the 
diffuser exit.  Therefore, the random uncertainty for P02 was lower for the square volute 
test. 
 
5.5 Summary  
 System flange-to-flange efficiency and uncertainty along with system pressure 
ratios were presented in this chapter.  The results show that the off-design efficiency for 
the circular exit volute test was higher than that for the square exit volute test.  The ADP 
efficiency for both of these two tests were almost the same.  All uncertainties for the 
circular exit volute test were higher than the uncertainties for the square exit volute tests.  
Since tare torque was not considered in the system efficiency equation, the systematic 
uncertainty associated with it was neglected, resulting in a slightly lower efficiency 
uncertainty than the actual value.  System pressure ratios for the circular exit volute test 
and the square volute test were the same from the inlet to the inlet volute to the vane 
inlet.  Thereafter the values for the square exit volute test were higher than for the 









Table 5.1.  System Efficiency Results  
 
Circular Exit Volute 




(RPM) facrP   
U/C0 
99.04 554.17 2026.16 1.39 0.45 0.115 
98.94 554.03 2026.83 1.79 0.35 0.088 
98.07 553.58 2027.39 2.18 0.30 0.078 
98.56 553.66 3752.84 1.40 0.65 0.213 
98.20 553.35 3754.13 1.79 0.57 0.164 
98.17 553.28 3752.87 2.18 0.50 0.143 
98.72 553.49 5041.03 1.39 0.73 0.285 




98.27 553.15 5040.60 2.18 0.61 0.193 
ADP 99.97 558.02 3751.63 1.93 0.53 0.164 
Square Exit Volute 
99.94 558.77 2027.18 1.38 0.42 0.118 
99.98 558.42 2026.82 1.75 0.32 0.091 
100.04 558.25 2025.85 2.10 0.27 0.079 
99.87 558.71 3754.31 1.38 0.62 0.217 
99.96 558.60 3752.34 1.75 0.53 0.167 
100.02 558.33 3752.18 2.13 0.46 0.146 
98.81 558.87 5042.09 1.39 0.70 0.291 




99.89 559.00 5041.06 2.13 0.56 0.196 
ADP 99.75 558.58 3755.08 1.85 0.52 0.164 
 
Table 5.2. Systematic Uncertainty Estimates 
Variable, X XB  
01P  (psia) 0.11 
01T  ( R
o ) 0.18 
02P  (psia) 0.11* 
⋅
W  ( slbm / ) 0.089 
Tq (ft- flb ) 0.70 
N  (RPM) 1.00 
Variables, ji XX  XiXjB  
0201PP  (psia) 0.013 














P  WP &  qTP  NP  
Circular 0.242 0.132 0.095 0.011 0.161 1.164 ADP Square 0.016 0.055 0.031 0.011 0.036 0.687 
2000/1.4 0.413 0.702 0.250 0.017 0.422 1.647 
2000/1.8 0.481 1.029 0.143 0.015 0.379 1.607 
2000/2.2 0.492 1.225 0.135 0.013 0.328 1.836 
3710/1.4 0.377 0.442 0.125 0.017 0.323 2.227 
3710/1.8 0.501 0.871 0.153 0.013 0.340 2.303 
3710/2.2 0.488 1.025 0.148 0.010 0.303 2.301 
5000/1.4 0.333 0.316 0.211 0.028 0.323 1.316 




5000/2.2 0.449 0.869 0.280 0.026 0.318 1.631 
2000/1.4 0.013 0.137 0.032 0.013 0.221 0.642 
2000/1.8 0.014 0.190 0.021 0.006 0.155 0.784 
2000/2.2 0.017 0.279 0.040 0.011 0.116 0.808 
3710/1.4 0.011 0.079 0.079 0.008 0.157 0.825 
3710/1.8 0.013 0.160 0.028 0.009 0.159 0.935 
3710/2.2 0.016 0.242 0.041 0.008 0.111 0.777 
5000/1.4 0.012 0.074 0.076 0.009 0.062 0.684 




























Table 5.4 System Efficiency Uncertainty Results for the Circular Exit Volute Test 
 













































U −×±=  014.0614.0η ±=  









Table 5.5 System Efficiency Uncertainty Results for the Square Exit Volute Test  













































U −×±=  31087.2560.0η −×±=  









Table 5.6 System Efficiency Uncertainty Results  
 






(RPM) (psia)   
U/C0 0/ CUU  
99.04 554.17 2026.16 1.39 0.451 0.014 0.115 0.0022 
98.94 554.03 2026.83 1.79 0.353 0.011 0.088 0.0016 
98.07 553.58 2027.39 2.18 0.302 0.010 0.078 0.0014 
98.56 553.66 3752.84 1.40 0.650 0.014 0.213 0.0028 
98.20 553.35 3754.13 1.79 0.571 0.014 0.164 0.0024 
98.17 553.28 3752.87 2.18 0.504 0.014 0.143 0.0022 
98.72 553.49 5041.03 1.39 0.732 0.012 0.285 0.0028 




98.27 553.15 5040.60 2.18 0.606 0.014 0.193 0.0025 
ADP 99.97 558.02 3751.63 1.93 0.533 0.003 0.164 0.0005 
Square Exit Volute 
99.94 558.77 2027.18 1.38 0.422 0.002 0.118 0.0003 
99.98 558.42 2026.82 1.75 0.322 0.002 0.091 0.0003 
100.04 558.25 2025.85 2.10 0.269 0.002 0.079 0.0003 
99.87 558.71 3754.31 1.38 0.621 0.001 0.217 0.0003 
99.96 558.60 3752.34 1.75 0.531 0.002 0.167 0.0004 
100.02 558.33 3752.18 2.13 0.461 0.003 0.146 0.0005 
98.81 558.87 5042.09 1.39 0.698 0.0006 0.291 0.0004 




99.89 559.00 5041.06 2.13 0.561 0.003 0.196 0.0005 
ADP 99.75 558.58 3755.08 1.85 0.524 0.0009 0.164 0.0002 
 
 









  P01 P02 T01 W&  Tq N P01P02 
Circular 1.603 1.603 1 1 1 1 -0.093 UMF Square 1.562 1.562 1 1 1 1 -0.088 
Systematic 3.137 9.893 0.104 60.096 7.929 0.070  
Circular 
 Random 15.141 14.182 0.029 0.873 0.419 0.095 
 
-11.968 
Systematic 3.938 12.967 0.138 81.841 10.581 0.094 
UPC 
Square 
Random 0.083 3.213 0.004 1.334 0.595 0.044 
 
-15.233 




Table 5.8 UPC Results (Off-design) 
 
UPC Results 
  P01 P02 T01 W&  Tq N 0201PP
Systematic 1.061 3.682 0.008 5.133 1.074 0.018 2000/1.4 
 Random 14.963 76.463 0.015 0.173 0.390 0.050 
-3.030 
Systematic 0.354 3.640 0.009 4.998 0.573 0.020 2000/1.8 
 Random 6.786 84.502 0.006 0.148 0.168 0.052 
-1.258 
Systematic 0.193 0.922 0.009 4.930 0.458 0.020 2000/2.2 
 Random 3.855 90.134 0.005 0.110 0.100 0.052 
-0.805 
Systematic 1.848 13.247 0.014 10.582 3.457 0.010 3710/1.4 
 Random 21.763 53.253 0.007 0.357 0.737 0.048 
-5.306 
Systematic 0.523 2.247 0.013 7.623 1.158 0.009 3710/1.8 
 Random 10.869 78.920 0.010 0.017 0.273 0.047 
-1.859 
Systematic 0.261 1.353 0.012 6.907 0.792 0.008 3710/2.2 
 Random 5.144 86.328 0.008 0.091 0.148 0.043 
-1.096 
Systematic 2.655 12.059 0.021 17.700 8.175 0.008 5000/1.4 
 Random 24.267 39.276 0.029 1.699 1.743 0.014 
-7.646 
Systematic 0.749 6.795 0.019 4.599 2.265 0.007 5000/1.8 
 Random 12.327 67.439 0.050 0.808 0.597 0.012 
-2.667 
Systematic 0.344 1.471 0.016 9.443 1.299 0.006 
Circular 
5000/2.2 
 Random 5.728 82.038 0.039 0.777 0.267 0.016 
-1.445 
Systematic 9.558 18.173 0.093 58.571 10.962 0.217 2000/1.4 
 Random 0.141 28.209 0.003 1.208 1.091 0.090 
-28.315 
Systematic 3.330 10.273 0.105 60.708 6.761 0.246 2000/1.8 
 Random 0.054 30.272 0.001 0.284 0.330 0.151 
-12.516 
Systematic 1.431 10.313 0.085 48.305 4.433 0.199 2000/2.2 
 Random 0.035 40.713 0.004 0.705 0.122 0.130 
-6.475 
Systematic 9.951 19.011 0.098 69.362 19.700 0.067 3710/1.4 
 Random 0.109 9.703 0.019 0.494 0.996 0.046 
-29.553 
Systematic 3.445 11.251 0.110 65.183 9.133 0.075 3710/1.8 
 Random 0.049 22.582 0.003 0.627 0.469 0.066 
-12.992 
Systematic 1.575 8.405 0.096 55.755 6.170 0.065 3710/2.2 
 Random 0.033 34.495 0.005 0.397 0.155 0.039 
-7.190 
Systematic 8.324 16.461 0.082 65.363 26.358 0.031 5000/1.4 
 Random 0.104 7.186 0.015 0.599 0.209 0.015 
-24.747 
Systematic 3.541 11.869 0.114 69.641 12.137 0.043 5000/1.8 
 Random 0.069 13.938 0.012 0.834 1.156 0.022 
-13.376 
Systematic 1.750 7.936 0.106 63.702 8.351 0.040 
Square 
5000/2.2 













P01 P02 T01 W&  Tq N 
0201PP
( )310−×  
Circular 2000/1.4 3.371 3.371 1 1 1 1 -3.080 
 2000/1.8 1.855 1.855 1 1 1 1 -1.161 
 2000/2.2 1.379 1.379 1 1 1 1 -0.745 
 3710/1.4 3.310 3.310 1 1 1 1 -2.975 
 3710/1.8 1.847 1.847 1 1 1 1 -1.150 
 3710/2.2 1.358 1.358 1 1 1 1 -0.734 
 5000/1.4 3.274 3.274 1 1 1 1 -2.915 
 5000/1.8 1.842 1.842 1 1 1 1 -1.146 
 5000/2.2 1.354 1.354 1 1 1 1 -0.731 
Square 2000/1.4 2.973 2.973 1 1 1 1 -2.441 
 2000/1.8 1.649 1.649 1 1 1 1 -0.952 
 2000/2.2 1.205 1.205 1 1 1 1 -0.611 
 3710/1.4 2.949 2.949 1 1 1 1 -2.413 
 3710/1.8 1.639 1.639 1 1 1 1 -0.943 
 3710/2.2 1.190 1.190 1 1 1 1 -0.601 
 5000/1.4 2.940 2.940 1 1 1 1 -2.400 
 5000/1.8 1.634 1.634 1 1 1 1 -0.940 
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The objective of the research was to evaluate the performance of the Oxidizer 
Technology Turbine Rig (OTTR), a test model developed for advanced liquid rocket 
engines, and to make a comprehensive dataset for CFD code validation from the data.  
The testing included the performance of the turbine as well as the inlet volute, exit volute, 
and diffuser for two different exit volute/diffuser configurations.  This thesis concentrates 
on the performance of the volutes and diffusers. 
The test model includes a circular exit volute and a square exit volute.  The test 
conditions include the aerodynamic design point (ADP) and nine off-design points.  
Results presented here include the total and static pressure measurements for both the 
circular exit volute and the square exit volute tests at ADP as well as the off-design points 
as listed in Table 2.1 
The system performance, including system pressure ratios and flange-to-flange 
efficiency, was also evaluated in this work.  An uncertainty analysis was conducted for 
the system flange-to-flange efficiency. 
The observations based on this work are as follows: 
1) The total pressure and yaw angle profiles at the inlet to the inlet volute were 




2) apparent in the total pressure profiles for the circular volute test.  The results 
are very similar for both tests at all set points. 
3) Inlet volute static pressure results were very similar for the square exit volute test 
and the circular exit volute test at both ADP and off-design points. 
4) Exit volute static and total pressure results were higher for the circular exit volute 
test than for the square exit volute test for all set points. 
5) The square exit volute created larger static pressure gradients in the exit volute 
(both static and total pressures) for all set points. 
6) For the diffusers, at ADP and the off-design points, the circular exit volute test 
had higher total pressure than the square exit volute test (except a few cases from 
80-100% span at Off-design points). 
7) For the diffusers, static pressures increased axially as expected for all cases. 
8) System pressure ratios for the circular exit volute test and the square volute test 
were the same from the inlet to the inlet volute to the vane inlet.  Thereafter, the 
values for the square exit volute test were higher than for the circular exit volute 
test throughout the system.  The values for both tests were lower than predicted 
downstream of the vane. 
9) Off-design system efficiency for the circular exit volute test was higher than the 
square exit volute test with larger uncertainty bounds. 
10) ADP efficiencies for both tests agreed well with prediction. 
All of the results along with the results of the turbine section will be used to 




placed on the Mississippi State website so that the data tables and supporting 
information will be easily accessible for code validation.  This provides a unique data 
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UNCERTAINTY CALCULATION OF SYSTEM FLANGE-TO-FLANGE 
EFFICIENCY  
 
The uncertainty calculation of system flange-to-flange efficiency uses this 
Mathcad® worksheet.   
From the data reduction equation, the system flange-to-flange efficiency is: 
η
K Tq⋅ N⋅























All the constant values and measured variables were defined in chapter 5.  The overall 









where R is the random uncertainty; S is the systematic uncertainty, and C is the correlated 









































































































































































































































































































































































































































































































































































































































































































































































































































 By now, each term in the overall uncertainty equation is defined.  The overall 
uncertainty can be calculated by inputting the measured variables.  The system flange-to-
flange efficiency is different for different set points (both ADP and off-design points).  
However, the calculation method is the same.  The above derivatives and equations are 




the different measured variables at each set point.  For each calculation at different set 
points, the proper measured variables for that set point are input and the Mathcad 
worksheet performs the calculation automatically.  In this section, the uncertainty at the 
aerodynamic design point for the circular exit volute is given as an example. 
 From the original data files, the values of the measured variables for the circular 
exit volute test (ADP) are: P01=99.011, P02=55.760, T01=554.928, W& =11.548, 
Tq=247.266, N=3752.848  (For simplicity, all units are as defined in the text.)  All of the 
values are averaged from the runs and reruns.  The random and the systematic uncertainty 
estimates for the measured variables were given in Table 5.2 and Table 5.3.  The 
correlated systematic uncertainty is 0.002 in this case. 
 The final system efficiency uncertainty results as well as the system efficiency 
were given in Tables 5.4 and 5.5. 









































According to equation 3.13, UMF values for the variables Tq, N, W& , T01 are the same 





























































The UPC results were calculated separately for systematic uncertainties and random 
uncertainties.  According to equations 3.14, for the variables’ systematic uncertainty, 
























































































































































































































































































































































































































































































































































The velocity ratio uncertainty calculation uses the same method as the 
efficiency uncertainty calculation, but the data reduction equation is different.  Velocity 
































U                                         
Constant values 
4.1=γ , J=778.3 ft-lbf/BTU, Cp=0.24 BTU/lbm R, gc=32.174 ft-lbm/lbf-s2, r=5.035 in. 











where R is the random uncertainty; S is the systematic uncertainty, and C is the correlated 





























































































































































































































































































































































































































































































































































In the following, substitute these partial derivatives into above S, R, and C 
equations to get the result of overall uncertainty, just as with the efficiency 
calculation.   
